segment of Oct-1 in complex with the MORE or PORE at a resolution of 1.9 Å and 2.7 Å , respectively (Figure The members of the nonsteroid nuclear receptor family, for example, provide another mode of transcription fac-1, more details in Experimental Procedures). Since the Oct-1 binding segment of the MORE is palindromic tor dimerization dictated by the binding site, the hormone response element (HRE). HREs consist of two core (ATGCATATGCAT), it was not surprising that only onehalf of the protein-DNA dimer was found in the asymmethexad sequences, AGGTCA. These could form direct, inverted, or everted repeats. On inverted and everted ric unit of the Oct-1/MORE crystals. The complete dimer complex is defined by a crystallographic 2-fold axis repeats, the receptors dimerize only via a specific surface patch within the carboxy-terminal ligand binding across the palindromic center of the MORE. The Oct-1/ PORE structure contains the complete Oct-1 homodidomain. On direct repeats, however, the receptors form an additional interface between the conserved zinc finmer bound to the PORE DNA (ATTTGAAAGGCAAAT). This semipalindromic element, based solely on seger DNA binding domains (Mangelsdorf and Evans, 1995) . The DNA sequence-mediated dimerization of quence similarity to the consensus octamer motif (ATG CAAAT), can be divided into an octamer-like (AGG POU proteins is different since the distinct surface patches involved in dimer interface formation are both CAAAT) and into a nonoctamer-like (TTTCAAAT) halfsite ( Figure 1B domain. The side chain of Ile159 fits into a hydrophobic density for both complexes. Therefore, the four domains cavity of the POU S subdomain, which forms a "knob-in-(two POU S and two POU H ) that compose the protein the-hole" structure ( Figure 2C ). Furthermore, additional homodimer appear to be bound to DNA in a heterointeractions are mediated by several H bonds, mostly tetrameric arrangement ( Figure 1A) . Figure 2D ). In the larger interface (IF2), one phosand TTTC.
phate group within the minor groove (position 10 of the Each POU H domain is bound to a distal AT-motif. On PORE) forms H bonds with Arg20 from the POU S and the MORE, this motif is located at positions 1-2 and 11-Ser107 from the POU H domain ( Figures 1B and 2D ). This 12, while on the PORE it is located at positions 1-2 and DNA-mediated POU S -POU H contact is surrounded by 14-15. In both complexes, the C-terminal helix 3 of each two POU S -POU H salt bridges, Asp29-Lys104 and Lys22-POU H domain is situated in the major groove, with baseGlu109. Like the knob-in-the-hole interaction by Ile159 specific interactions of the side chains of Asn151 and in the Oct-1/MORE complex, the exposed Ile21 from the Gln154. In the PORE complex, the arginine residues of POU S domain penetrates into a hydrophobic surface the N-terminal part of POU H (Arg102 and Arg105) form patch of the POU H domain ( Figure 2D ). DNA sequence-specific hydrogen bonds (H bonds) with Within the smaller interface (IF1), the only specific the base pairs in positions 3-4 and 12-13. These interacinteraction is the POU S -POU H salt bridge between Asp29 tions are formed via the minor groove within each halfand Lys104. Ser107 is more exposed to the solvent than site of the PORE motif ( Figure 1B) . They are not visible in the IF2 interface. Thus, the phosphate group from the in the Oct-1/MORE complex because this part is disorminor groove forms only one H bond with Arg20 (Figure dered. The POU S domains interact with bases in the 1B). The observed asymmetry in the PORE interface (IF1 major groove via their third ␣ helix. In the two complexes, and IF2) can be explained by the different minor groove the side chains of residues Gln44, Thr45, and Arg49 parameters at the two half-sites of the semipalindromic almost identically contribute with base-specific interac-PORE, as calculated using the program CURVES (Lavery tions to each POU S binding site ( Figure 1B) . and Sklenar, 1988). Only the minor groove at the nonoctamer half-site, which is about 10% narrower and deeper Nonoverlapping Protein-Protein Interfaces than that of the octamer half-site, allows a tight fit of The two structures of the Oct-1 POU factor in complex the two interacting POU domains within the IF2 interface with the MORE and PORE demonstrate how the same ( Figure 2D ). transcription factor can form unrelated arrangements DNA-Induced POU S -POU H Interfaces using different, nonoverlapping surface patches for doAre Nonoverlapping main-domain association. Each arrangement is induced To further validate our structural data on MORE-and by the specific positions and nature of the four protein PORE-mediated dimer formation, we mutated residues binding segments on the respective DNA element. The in Oct-1 that are involved in specific interactions within heterotetrameric arrangement of the POU dimers allows the two domain/domain interfaces, as inferred from the two alternatives for POU S -POU H interface formation, one two crystal structures. Since the residues that contribute across the center of each DNA response motif (vertical to the MORE-type interface do not overlap with those in Figure 2 ) and one within one half-site (horizontal in within the PORE dimer, we were able to design mutant Figure 2 ). However, the crystal structures demonstrate versions of the protein that selectively form one complex that each complex reveals only one type of interface, but not the other ( Figure 2E ). To confirm correct folding either across the DNA center or within each DNA halfand canonical DNA binding activity, each mutant was site.
tested for its ability to bind as a monomer to the consen-MORE-Induced POU S -POU H Interface sus octamer site within the promoter region of the immuIn the Oct-1/MORE structure, there are two identical noglobulin gene. As expected, the mutant, which was protein-protein contacts forming between a POU S and designed to interfere with the MORE domain-domain a POU H domain within each half-site of the palindromic interface (I159D, N160A; see Figure 2C ), dimerized on the PORE but not on the MORE. Conversely, the PORE-MORE motif (Figure 2A) . The buried surface per domain . However, linker on the PORE but did so on the MORE ( Figure 2E ). These results demonstrate that the PORE-and MORE-specific connectivity needs to be addressed when considering possible binding cooperativity in POU dimer/DNA inter-POU S -POU H interfaces not only appear to be structurally independent but are also functionally modular and auaction. Below, we will combine topography considerations with biochemical data to provide evidence for the tonomous. POU S -POU H connectivity in the Oct-1/MORE and Oct-1/ PORE complexes.
Connectivity of POU S and POU H Domains by an Unstructured Linker
There is no ambiguity about the POU S -POU H connectivity in the Oct-1/octamer motif monomeric crystal The invisibility of the linker connecting POU S and POU H in each polypeptide chain impairs unambiguous structural structure ( Figure 3B ). In essence, these data demonstrate that regulation of Oct-1 by binding of the coactivator OBF-1 not only depends on its overall DNA-Induced Interface Swapping Critical to the formation of alternative Oct-1 dimers with dimer arrangement but also on the specific geometry of the DNA element ( Figure 3C) . the MORE or PORE motifs is the capability of the POU domain to utilize two different, nonoverlapping protein surface patches to form POU S -POU H interfaces. Although Discussion an isoleucine residue plays a prominent role on both interfaces (I21 from the POUs domain in the PORE interComparison of the two structures of the POU transcription factor Oct-1 reveals how a member of this family face; I159 from the POU H domain in the MORE interface), we were not able to detect any other significant similarity can rearrange its quaternary structure in the presence of specific DNA response motifs. The two arrangements between them either in sequence or in structure. Specific mutants that abolish the capability of Oct-1 to form alterare possible because each of the two subdomains, POU S and POU H , contains two binding sites both suitable for native dimer arrangements, resulting in either MOREonly or PORE-only dimers, further support the indepenforming a POU S -POU H domain-domain interface. There is evidence for at least one of the two pairs of binding dence of both POU S -POU H interfaces. In Figure 4 , we illustrate schematically why binding of sites to be employed in the recruitment of the Oct-1 coactivator OBF-1 while not being involved in POU SOct-1 to the MORE and PORE motifs results in different protein arrangements. Since the POU S -POU H interface POU H interface formation. By the presence of this 2-fold arsenal of surface patches per subdomain, members of is across the center of the DNA in the PORE complex, correct spacing and orientation of the two polypeptide the POU transcription factor family have evolved a unique mechanism for structural plasticity. This mechanism chains, defined by the POU S and POU H binding sites of 5B and 5C ). The Ser159Glu mutation, which mimics the POU S and POU H surface patches, forming the POU S -POU H interface in one complex, become exposed in the phosphorylation of Ser159 by a cellular protein kinase, selectively abolishes the MORE-type but not the POREalternative complex.
Structural and biochemical data suggest that the obtype dimer formation ( Figure 5D ). In contrast, phosphor- a Rsym ϭ ⌺hkl⌺i|Ii(hkl) Ϫ ϽI(hkl)Ͼ|/⌺hkl⌺I Ii(hkl). b Phasing power is defined as the ratio of the rms value of the heavy atom structure factor amplitudes and the rms value of the lack-of-closure error. c Rcullis is the mean lack-of-closure error divided by the isomorphous/anomalous difference. d Rcryst and Rfree ϭ |⌺Fobs Ϫ Fcalc|/⌺Fobs; Rfree is calculated with 5% of the data that were not used for refinement.
ylation of Ser107, which is imitated by Ser107Glu mutain which the POU Oct-1 dimer formed on the MORE mediates the recruitment of a yet unknown specific cotion, generally abolishes DNA binding of recombinant expressed Oct-1 and Oct-4 POU domains (data not factor, is also conceivable ("Y," Figure 6B ). Furthermore, differences within the same POU dimer configuration, shown). Our structures suggest that phosphorylation of Ser107, which faces the DNA backbone, leads to a steric generated by different spacing arrangements of halfsites, may also lead to selective cofactor recruitment, clash in the POU H -DNA interface that is sufficient to abolish formation of both MORE and PORE complexes.
as recently demonstrated for the pituitary-specific POU factor Pit-1 (Scully et al., 2000) . Two structures of Pit-1 These data indicate that differential tissue-and cell cyclespecific phosphorylation could be an additional mechabound to two related DNA response elements within the prolactin (Prl) and the growth hormone (GH) promoters nism to specifically regulate POU dimer function in vivo.
show The identification of dimer-specific cofactors will be im-4). The distinct dimeric arrangements allow differential portant to further our understanding of the biological recruitment of cofactors, which exert diverse effects on processes regulated by POU proteins. Of special intertranscription.
est are dimer-specific cofactors for POU proteins that Figure 6 schematically outlines such a mechanism. It are components of the development of immune reis only a certain configuration of POU dimers that prosponse (Oct-1) and maintenance of stem cell pluripovides protein surfaces accessible for interaction with a tency and germ cell lineage (Oct-4). cofactor. In our example, the OBF-1 coactivator utilizes the accessible Oct-1 POU subdomain surfaces in the PORE-type configuration that are inaccessible in the Conclusion MORE-type configuration (Figures 6A and 6B ). Therefore, the MORE-type configuration fails to recruit OBF-1
The two structures of the Oct-1 POU factor in complex with the MORE and PORE DNA motifs reveal two alterna- (Tomilin et al., 2000) . However, an opposite situation, Further details of the structure refinement are given in Table 1 . Figures 7A and 7D actcctgccttcagggtATGCAAATtattaagtctcgag-3Ј; MORE, 5Ј-ctgaaagt The protein binds to the DNA as a symmetrical homodimer, with taaaatctcATGCATATGCATggaaaagcaag-3Ј; and PORE, 5Ј-ctgaaagt the symmetry axis of this complex located on the crystallographic taaaatcacATTTGAAAGGCAAATggaaaagcaag-3Ј. 2-fold axis perpendicular to the pseudopalindromic center of each MORE oligonucleotide (upper strand, 5Ј-TCCTCATGCAT*ATGC
